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Abstract 
    In dry grind ethanol plant, distillers dried grains with solubles (DDGS) is the primary 
coproduct which is used mainly in ruminant animal diets.  Increasing market demand for 
coproduct in dry grind process is needed.  One way is to use corn rich in anthocyanin content as 
feedstock. Anthocyanin imparts red, blue and purple color to corn kernels.  Anthocyanin could 
also affect yeast during fermentation.  The objective of this study was to evaluate the 
performance of anthocyanin rich corn in dry grind process.  Ethanol conversion efficiencies of 
colored corn sample were comparable to that of yellow dent corn in both conventional dry grind 
process (78.4±0.5% for blue corn, 74.3±0.4% for red corn and 75.1±0.2% for yellow dent corn) 
and modified dry grind process using granular starch hydrolyzing enzyme (GSHE) (83.8±0.8% 
for blue corn, 81.1±0.3% for red corn and 85.6±0.1% for yellow dent corn).  In the modified 
process, GSHE was used to replace the high temperature liquefaction process, which benefited 
the anthocyanin stability in the processes.  The extractable anthocyanin contents in DDGS from 
modified processes were 1.41, 1.91 and 2.39 times that of DDGS from conventional process for 
purple, red and blue corn samples, respectively.  Corn with rich anthocyanin content did not 
negatively affect fermentation efficiency in both conventional and modified dry grind processes; 
therefore, there is potential to use colored corn in dry grind process, especially using granular 
starch hydrolyzing enzyme. 
Keywords: Colored corn, dry grind, DDGS, anthocyanin content 
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Chapter 1 
Introduction 
 
    Historically, corn has served as a food source because of its high energy content.   In the US, 
corn production was estimated to be 14.2 billion bu in 2014, 36.7% of which was utilized in the 
dry grind process to produce ethanol and distillers dried grains with solubles (DDGS) (AgMRC 
2015).  The starch in corn is used to produce ethanol via yeast anaerobic fermentation, while 
other corn components are recovered as coproducts.  Typically, corn is composed of 71.5% 
starch, 9% protein and 4% fat by weight (Belyea et al 2004).  One of the most common methods 
used for corn ethanol production is the dry grind process (Bothast and Schilcher, 2004).  In the 
dry grind process, clean dried corn is ground into flour and mixed with water.  Alpha-amylase is 
added to corn mash and mash is liquefied at high temperature for 90 to 120 min.  Yeasts, 
glucoamylases and other nutrients are added to the liquefied mash; yeast anaerobically ferments 
the sugar to produce ethanol.  Once fermentation is completed, ethanol is evaporated by 
distillation; the remaining material is collected as coproduct.  In a dry grind ethanol plant, the 
primary coproduct is DDGS, which contains mostly nonfermentable components, including 
residual starch, fiber, fat, protein and ash (Khullar et al 2011).  One bushel of corn typically 
yields 2.75 gal of ethanol and 17.5 lb of DDGS (USDA, 2012).   In 2014, the ethanol industry 
generated 14.3 billion gal of fuel ethanol and 35.5 million metric tons (mmt) of DDGS (RFA, 
2015).  Increasing ethanol production has been accompanied by increasing DDGS production, 
which is considered an important source of income in dry grind ethanol plants (Rausch et al 
2005).  However, the market value of DDGS is relatively low and the applications of DDGS are 
limited.  Thus, it is necessary to increase the utilization of DDGS to improve profitability of dry 
grind process (Singh et al 2005).   
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    DDGS has been used in ruminant animal food ingredients because of its high energy and 
protein contents, and low cost.  However, its high fiber content has limited the use of DDGS for 
feeding nonruminant animals (USGC, 2012).  Removing fiber from DDGS can be achieved by 
aspiration, which results in the high oil and protein content DDGS (Singh et al 2002).  This 
modified DDGS with low fiber content is more suitable for feeding nonruminant animals.  
Another way to increase the market value of DDGS is to isolate and extract its high value 
components.  Derivation of ethanol from corn by fermentation concentrates DDGS protein by 
3.59 times, oil by 3.40 times, and nonstarch carbohydrate by 2.89 times (Liu, 2009).  The crude 
corn oil extracted from thin stillage and DDGS was suggested to be an economical alternative 
feedstock for biodiesel production (Winkler-Moser and Breyer, 2010).  Recently, DDGS was 
found to be a rich source of phenolic compounds, with a nearly threefold higher concentration 
than corn.  The nutritional value of phenolics has drawn attention of corn processors and DDGS 
users (Lutheria et al 2012).  Corn phenolic compounds include phenolic acid, flavonoid and 
anthocyanin (Adom and Liu, 2002).   Anthocyanins have been reported to have several health 
promoting properties, including antioxidant properties (Harakotr et al 2014), antidiabetic activity 
(Kang et al 2013) and anticancer properties (Fernandes et al 2013).  With the increasing interest 
in incorporating anthocyanin in food industry, attention has been attracted to utilize colored corn 
samples, which contain rich anthocyanin content.   
In the US, dry grind is the most common way to process corn for ethanol production.  Colored 
corn samples can be used as alternative feedstock for dry grind ethanol plants to increase 
coproduct value.  DDGS with anthocyanin content can be used as a source for natural pigment 
extraction.  Although there are studies focused on the effect of anthocyanin on yeast cell 
metabolism and the fermentative quality of silage from colored corn (Morata et al 2003; Hosoda 
 3 
 
et al 2009), there is limited information about the effect of anthocyanin on yeast anaerobic 
fermentation in the dry grind process.  Therefore, the ethanol production and yeast fermentation 
performance for colored corn in dry grind process and the extractable anthocyanin content from 
colored DDGS needs to be evaluated.   
    This study was focused on how dry grind process is affected by colored corn sample.  
Specific objectives were: 
1. Evaluate the fermentation characteristics of pigmented corn in conventional dry grind 
process. 
 
2. Evaluate the fermentation characteristics of pigmented corn in modified dry grind process 
using granular starch hydrolyzing enzyme (GSHE). 
 
3. Determine the extractable anthocyanin content in DDGS from two dry grind processes. 
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Chapter 2 
Literature Review 
 
2.1 Corn samples and anthocyanin in corn 
    Corn kernel typically contains four main parts: pericarp, endosperm, germ and tip cap.  Earle 
et al (1946) reported the pericarp accounted for 5.3% dry weight of whole kernel, endosperm 
82.3%, germ 11.5% and tip cap 0.8%.  Tip cap is the conical cap at the tip end of the corn kernel 
and protects the germ (Wolf et al 1952).  Germ is the center part of the corn kernel and is the 
reproductive organ (Hopkins et al 1903).  Germ is composed of embryo and scutellum.  
Scutellum contains 81 to 85% of the total corn oil (Earle et al 1946), which can be usually 
extracted to produce corn oil.  Corn endosperm is a nutrition source around the embryo, which 
contains 86 to 89% starch by weight (Earle et al 1946).  There are two types of endosperm in 
corn kernel: one is horny (translucent or hard) endosperm; the other is floury (opaque or soft) 
endosperm.  Starch granules in horny endosperm are polygonal shape and held together firmly 
by matrix protein with zein as protein bodies, while the starch granules in floury endosperm are 
spherical and loosely covered with the matrix protein without protein bodies.  Pericarp is the 
dense outer layer around endosperm, consisting of dead cells and providing channels for water 
absorption via tip cap.  Pericarp is composed of fiber such as cellulose and pentosans.  The layer 
between pericarp and endosperm is aleurone layer, which contains protein bodies, oil bodies and 
minerals but little starch (Earle et al 1946). 
    In addition to the yellow dent corn, there are various dark colored corns such as red, blue and 
purple.  These colored corn cultivars have same structures as yellow dent corn, but different in 
composition.  Current production of these colored corns is limited to the applications in 
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ornamentation and special foods like tortillas and chips (Abdel-Aal et al 2006). The different 
color appearances of corns are due primarily to the presence of anthocyanin, a group of water 
soluble flavonoids in corn samples (Moreno et al 2005; Abdel-Aal et al 1999).  Anthocyanin as 
natural products have several health promoting benefits including: antioxidant property 
(Harakotr et al 2014), antidiabetic activity (Kang et al 2013) and anticancer characteristic 
(Fernandes et al 2013).  There is an interest by food companies to use natural anthocyanins in 
food applications.  For examples, blue and pink tortillas are made from blue or purple corn 
(Abdel-Aal et al 2006); the application of purple corn as a food colorant began in 1997.  
Anthocyanin is located in different layers of corn kernel.  A small amount of anthocyanins was 
found in the aleurone layer while the highest amount was found in pericarp (Moreno et al 2005).  
The major types of anthocyanins in colored corn were identified as cyanidin 3-glucoside, 
cyanidin 3-(6ꞌꞌ-malonyglucoside) and cyanidin 3-(3ꞌꞌ, 6ꞌꞌ -dimalonylglucoside) (Moreno et al 
2005).  Anthocyanin contents in different corn samples were reported by Abdel-Aal et al (2006) 
(Table 2.1).  
TABLE 2.1. 
Total Anthocyanin Contents (TAC) from Selected Edible Colored Corn Samples 
Samples 
shaman 
blue 
cutie 
blue 
cutie pink purple 
sweet 
scarlet red 
ruby red 
crimson 
red 
Fiesta 
Indian 
multicol
ored 
TACa 
(µg/g) 
322.7±1.5 196.7±2.1 163.9±4.7 1277±4.9 607.1±21.7 69.4±1.9 50.9±1.7 131.7±5.6 
a From Abdel-Aal et al (2006). 
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2.2 Dry grind process and improvement on cost and energy saving 
The majority of corn produced in US is processed by three major processes: dry grind, dry 
milling and wet milling processes.  Dry grind process produces over 70% fuel ethanol in the 
market (Bothast and Schlicher, 2004); compared to wet milling process, dry grind process is less 
capital expensive and energy intensive.  Conventional dry grind process includes following 
steps: grinding, cooking, liquefaction, saccharification, fermentation and distillation.  In dry 
grind process, cleaned corn is ground and mixed with water forming a mash with 30 to 34% 
(w/w) solid content.  The mash is cooked and added with alpha amylase which breaks long chain 
starch into dextrins.  The mash is liquefied at 85⁰C for 60 to 90 min and cooled to 32⁰C.  The 
propagated yeast (Saccharomyces cerevisiae) and glucoamylase are added to liquefied mash and 
incubated together at 32⁰C for 72 hr.  During incubation, corn mash is saccharified with 
glucoamylase and starch dextrins are converted to fermentable sugars (glucose).  Yeasts 
consume the glucose to anaerobically produce ethanol.  This process is called simultaneous 
saccharification and fermentation (SSF).  After SSF, the broth is distilled to produce 95% (190 
proof) ethanol in the distilled stream.  Ethanol (190 proof) is dewatered with molecular sieve to 
obtain neat ethanol (200 proof).  The remaining stream without ethanol is called whole stillage 
and centrifuged to obtain wet grains (semisolid part) and thin stillage (liquid part).  Thin stillage 
is evaporated to form condensed distillers solubles called syrup.  Wet grains and syrup are mixed 
and dried to obtain distillers dried grains with solubles (DDGS), which is the only coproduct in 
the conventional dry grind process.  The increase of corn ethanol production is accompanied 
with the increasing volume of DDGS.  The amount of DDGS utilization in ruminant animal food 
is limited and new uses for DDGS need to be investigated (Singh et al 2005). 
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    Many new technologies have been developed to increase coproduct market value and reduce 
energy usage in fermentation and distillation for dry grind process.  Front end fractionation (corn 
fractionation) and back end fractionation (DDGS fractionation) are two technologies developed 
to decrease DDGS volume and diversify the usage of coproducts from dry grind process.  Corn 
fractionation technologies include two methods: wet fractionation and dry fractionation.  In wet 
fractionation process, quick germ process (Singh and Eckhoff 1996, 1997) was developed to 
remove the germ before fermentation via soaking, grinding and amylase incubation.  In addition, 
quick germ quick fiber process (Singh et al 1999) allows the recovery of corn germ and pericarp 
fiber at the first stage of corn dry grind process.   Enzymatic milling (E-Mill) can recover germ, 
pericarp fiber and endosperm fiber by sieving before fermentation (Singh et al 2005).  The corn 
fractionation technologies have various benefits: increasing the ethanol production per batch 
(Singh et al 2005; Wang et al 2005), increasing protein content in the DDGS after fermentation 
and enabling extraction of corn germ oil from germ and corn fiber oil from fiber as high value 
coproducts (Singh et al 1999). 
 The other corn fractionation method, dry fractionation, uses the dry degerm defiber (3D) 
process (Bryan 2005), which allows the recovery of germ and pericarp fiber by aspiration.  
Compared with E-Mill, the 3D process costs less and produces lower ethanol yield (Murthy et al 
2006).   
   Another way to improve the energy efficiency, thus reducing energy cost of conventional dry 
grind process is to use granular starch hydrolyzing enzyme (GSHE) to replace the high 
temperature cooking and liquefaction (Wang et al 2006).  GSHE has high hydrolyzing activity 
for starch and can hydrolyze starch into fermentable sugars at relative low temperature; it is 
estimated to reduce energy usage 10 to 20% (Roberson et al 2006).   
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2.3 Value added products from DDGS 
    In 2014, 5.225 billion bu of corn were used for ethanol production.  The average corn price 
was $4.46/bu, ethanol and DDGS prices were $2.39/gal and 205 cents/ton, respectively.  Corn 
cost per gal ethanol was $1.65 (USDA 2015).  The demand for ethanol as biofuel would increase 
but the market for DDGS would be limited (USDA, 2010), which will decrease future DDGS 
price.  Due to high energy and protein contents with low price, DDGS is used to feed ruminant 
animals.  In 2014, 43, 30, 16 and 10% of DDGS used to beef cattle, dairy cattle, swine and 
poultry, respectively (RFA 2015).  DDGS usage is limited to ruminant animals. But the variation 
of nutrition contents in DDGS from different sources is a key factor limiting DDGS price 
(Rausch et al 2005; Belyea et al 2010).  Typically, DDGS contains 28.3 to 33.3% protein, 10.9 to 
12.6% fat, 8.8 to 10.6% crude fiber, 15.4 to 19.3% ADF (acid detergent fiber) and 4.3 to 5.0% 
ash (Belyea et al 2004).   
Recovery of saleable products from DDGS will improve the profitability of dry grind process.  
Moreau et al (2010, 2011) reported that syrup contained highest extractable oil content during 
conventional dry grind process.  Crude oil can be extracted via syrup centrifugation; the 
extracted oil is called distillers corn oil which is a good feedstock for biodiesel (Moreau et al 
2011).  Zein, the main protein in corn, could been extracted from DDGS using alkaline or acid 
methods (Wu et al 1981; Xu et al 2007).  Zein is extracted from corn gluten meal commercially 
at a cost of $8 to $10/lb (Shukla and Cheryan, 2001).  Using acid method, DDGS zein had higher 
yield, viscosity and phosphorus content than commercial zein; also, extraction cost was lower 
(Xu et al 2007).  Luthria et al (2012) reported the composition of phenolic acid from DDGS can 
be recovered for other usages.   
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2.4 Effect of processing on anthocyanin from natural products 
Anthocyanin is a group of phenolic compounds which are relative instable due to the effect of 
temperature, pH and light (Patras et al 2011).  Food processing has the potential to affect content 
and activity of bioactive compounds (Nicoli et al 1999).  The heat treatment on fruit and 
vegetables resulted in anthocyanin degradation and forming polyphenolic degradation products 
like hydroxybenzoic acid (Patras et al 2011).  High pressure treatment alone has limited effect on 
anthocyanin content, but anthocyanin was degraded during storage after high pressure treatment 
(Kouniaki et al 2004).    Preprocessing treatments, such as cutting and chopping have been used 
to reduce anthocyanin content in products (Ioannou et al 2011). 
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Chapter 3 
Performance of Colored Corn in Conventional and Modified 
Dry Grind Processes 
 
3.1 Introduction 
Colored corn samples rich in anthocyanin were processed in conventional dry grind process 
and modified process using granular starch hydrolyzing enzyme (GSHE).  Fermentation 
characteristics (such as completion rate and conversion efficiency) of anthocyanin rich colored 
corn samples were compared with those of conventional yellow dent corn to evaluate the 
feasibility and performance of using colored corn as feedstock in dry grind ethanol plant. 
Thermal processing (heating to temperature of 50 to 150°C) has an effect on anthocyanin 
content in natural product (Patras et al 2011).  Cooking and liquefaction are main steps involving 
heating above 50°C in conventional dry grind process.  Wang et al (2005) reported that use of 
GSHE in dry grind process was expected to replace high temperature cooking and liquefaction.  
To study differences of anthocyanin loss, the visible color change was measured and 
anthocyanins were extracted and measured from initial ground corn and DDGS from 
conventional and modified dry grind processes. 
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3.2 Materials and methods 
3.2.1 Experimental material 
Yellow dent corn (P0993AM1) was harvested in 2013 and obtained from DuPont Pioneer 
Research Farm (Ivesdale, IL).  Blue corn sample (Jerry Peterson Blue OG) was obtained from 
Kraft Foods (Glenview, IL).  Red corn sample (SKU: CO14) was obtained from Siskiyou Seeds 
(Williams, OR).  Purple corn sample was obtained from Syngenta Seeds (Chicago, IL).  Before 
processing, colored corn samples were hand cleaned to remove broken corn and foreign material 
(BCFM) and stored in ziplock bags at 4°C. 
 DDGS from conventional and modified dry grind processes and corn sample of four colored 
corn samples: yellow, purple, blue and red were used to perform extraction.  All chemicals used 
were ACS grade and purchased from Sigma-Aldrich (St.  Louis, MO) and Fisher Scientific 
(Pittsburgh, PA). 
3.2.2 Enzyme and yeast 
SPEZYME® CL (Dupont Industrial Biosciences, Palo Alto, CA) is thermostable starch 
hydrolyzing alpha amylase produced by a genetically modified strain of Bacillus licheniformis.  The 
specific gravity of SPEZYME® CL is 1.17 g/ml and optimum pH is 5.5 to 6.5.  DISTILLASE® 
SSF (Dupont Industrial Biosciences, Palo Alto, CA) contains amylase (1 ,4-α-D-glucan 
glucanohydrolase - EC 3.2.1.1), glucoamylase (1 ,4-α-D-glucan hydrolase E.C.  3.2.1.3) and 
Aspergillopepsin I (EC 3.4.23.18).  These enzymes are produced by genetically modified strains of 
Trichoderma reesei.  The density of DISTILLASE® SSF is 1.10 to 1.14 g/ml and optimum pH is 
4.0 to 4.5.  GC 212 (Genencor, Palo Alto, CA) is an acid proteolytic enzyme able to hydrolyze 
proteins under low pH condition.  The density of GC 212 is 1.18 g/ml and optimum pH is 3.5 to 
4.5.  Stargen™ 002 (Genencor, Palo Alto, CA) is granular starch hydrolyzing enzyme for ethanol 
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production.  It contains Aspergillus kawachi alpha-amylase expressed in Trichoderma reesei and a 
glucoamylase from Trichoderma reesei.  The density of Stargen™ 002 is 1.13 to 1.16 g/ml and the 
optimum pH condition is 4.0 to 4.5.  Yeast culture is prepared by mixing 5 g of active dry alcohol 
yeast (Ethanol Red, Lesaffre Yeast Corp., Milwaukee, WI) and 25 ml deionized (DI) water, and 
agitated at 90 rpm at 30°C for 20 min. 
3.2.3 Conventional dry grind process 
    A conventional dry grind process was performed using procedure outlined by Wang et al 2007 
(Fig. 3.1).  Corn samples were ground in a hammer mill (model MHM4, Glen Mills, Clifton, NJ) 
at 500 rpm with 0.5 mm sieve.  Moisture content of corn flour collected at room temperature was 
measured after 2 hr at 135°C (Approved Method 44-19, AACC International 2000).  Ground 
corn sample, 50 g (dry basis), was mixed with DI water to obtain a mash of 30% dry solids 
content.  Mash pH was adjusted to 5.7 using 5 M sulfuric acid.  Liquefaction was conducted by 
adding 0.0130 ml of alpha-amylase (SPEZYME® CL) and agitating the mash for 1.5 hr at 85°C.  
The slurry was cooled to 32°C and pH was adjusted to 4.0.  A mixture of 0.025 ml glucoamylase 
(Distillase SSF), 1 ml yeast inoculum and 0.5 ml 50% (w/v) urea was added into the slurry flask 
before SSF.  SSF was performed at 32°C for 72 hr with continuously agitating at 90 rpm and 
monitored by taking 1.5 ml slurry samples at 0, 2, 4, 6, 8, 24, 36 and 72 hr.  These fermentation 
samples were analyzed in duplicate for sugar and ethanol content via HPLC (Model 2414, 
Waters Corporation, Milford, MA; Aminex HPX-87H column, Bio–Rad Laboratories, Hercules, 
CA).  HPLC samples were prepared following the procedure reported by Singh et al (2005).  
After fermentation, the ethanol was evaporated from mash by heating it at 90°C for 3 hr.  DDGS 
was recovered by drying remaining mash in a convection oven at 49°C for 72 hr.  Each 
experiment was conducted in triplicate.    
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Figure 3.1 Flowsheet of conventional dry grind process. 
3.2.4 Modified dry grind process with granular starch hydrolyzing enzyme 
    The modified dry grind process was performed based on a report by Shihadeh et al (2014).  
(Figure 3.2).   Corn mash (30% solid content) was prepared same as conventional dry grind 
process.   Instead of liquefaction, mash pH was adjusted to 4.0.  Then mash was mixed with 0.3 
mL Stargen™ 002, 20 µl protease (GC 212), 0.2 ml 50% urea and 1 ml yeast inoculum.  
Fermentation was conducted for 72 hr at 32°C, continuously agitating at 90 rpm.  Fermentation 
was monitored by taking samples at 0, 2, 4, 6, 8, 24, 36 and 72 hr for HPLC analysis, which 
was same as conventional dry grind process.  After fermentation, the mash was heated at 90°C 
for 3 hr to evaporate ethanol.  The remaining material was dried in the convection oven at 49°C 
for 72 hr; DDGS was collected after drying.  Each experiment was conducted in triplicate.   
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Figure 3.2 Flowsheet of modified dry grind process with granular starch hydrolyzing enzyme. 
3.2.5 Colorimetric measurement 
Color of ground corn flour and DDGS flour were measured via Chroma Meter CR-300 
(Konica Minolta, Inc.).  The meter was calibrated by the white board associated with the 
instrument and the output was the parameters (L*, a* and b*) in Lab color space.  The 
illuminating/viewing system of meter used uniform diffuse illumination/0° viewing geometry, 
which was provided by a pulsed xenon arc (PXA) lamp inside a mixing chamber.  Flour sample 
(3 g) was spread evenly on an open glass plate, and the measuring head of CR-300 was placed on 
the left, central and right sides of the plate.  Three color parameters (L*, a* and b*) were 
recorded for each place.  The average of three sets values were considered as the color parameter 
 15 
 
of the sample.  Color changes (ΔE*ab) indicated the color difference between baseline and flour 
samples and were calculated based on these three parameters using following formula:  
ΔE∗ab = √L2 + a∗2 + b∗2   (1) (Hekimoglu et al 2000). 
3.2.6 Extraction of anthocyanin from corn and DDGS samples 
Samples were ground and passed through a 35 mesh sieve; 0.5 g sample was prepared for 
extraction.  Anthocyanin was extracted from samples which were suspended in 20 ml 2% aqueous 
formic acid (40:1 liquid : solid) and stirred (600 rpm) for 2 hr at room temperature.  After extraction, 
the suspension was filtered with Whatman no.4 filter paper; the filtrate was used for total monomeric 
anthocyanins concentration measurement. 
3.2.7 Measurement of total monomeric anthocyanin concentration 
    Total monomeric anthocyanin was measured by pH differential method (Lee et al 2005).  All 
samples were diluted 10 fold in two different buffers: 0.25 M KCl buffer (pH 1.0) and 0.40 M 
sodium acetate buffer (pH 4.5).  Two hundred µl of diluted solution was loaded to a 96 well plate in 
triplicate for each samples at two pH levels.  The absorbance of diluted solutions was read at 520 
and 700 nm by Synergy 2 multiwell plate reader (Biotek, Winooski, VT). Total anthocyanin pigment 
concentration was calculated and expressed as cyanidin-3-glucoside (C3G) equivalents as below: 
Total monomeric anthocyanin (C3G equivalents, mg/L) =
A×MW×DF×103
ε×PL×0.45
                 (2) 
Where: A= (A520 - A700)pH 1.0 - (A520 - A700)pH 4.5; MW (molecular weight)=449.2 g/mol for C3G; 
DF=dilution factor; PL(constant path length)= 1 cm; ɛ=26900 L/(mol×cm) molar extinction 
coefficient for C3G; 103=factor for conversion from g to mg; 0.45= factor for pH differential method 
in plate reader method.  Total anthocyanin concentration extract was expressed as µg C3G 
equivalents per gram corn or DDGS. 
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3.2.8 Data analysis 
Each corn sample (Yellow, Purple, Blue and Red) was dry grind processed in triplicate.  Each 
sample from fermentation was analyzed by HPLC in duplicate.  Ethanol, glucose and glycerol 
concentrations were measured using HPLC with an organic acid column (Aminex HPX-87H, 
Bio–Rad Laboratories, Hercules, CA). Concentration data were processed by HPLC software 
(Waters).  Ground corn starch content was determined by HCl hydrolysis (YSI 2300 Glucose and 
Lactate Analyzer).  Ethanol yield (L/kg or gal/bu) was calculated based on final ethanol 
concentration at 72 hr and total liquid weight in the fermentation.  The ethanol conversion 
efficiency was the ratio of final ethanol yield over theoretical yield, which was calculated based 
on the starch content of corn samples.  Analysis of variance (ANOVA) (SAS 9.0 Institute) was 
used to test mean differences and statistical significance was chosen as 5% (p<0.05). 
3.3 Results and Discussion 
Four types of color samples (P0993AM1 Yellow, Jerry Peterson Blue OG, Syngenta Purple, 
and Apache Red) varied in starch content (Table 3.1).  The starch content of the four samples 
were between 65.5 and 78.8%; yellow dent corn had the highest starch content while the red corn 
had the lowest starch content among these four samples. Crude protein content of yellow dent 
corn was lower than other three anthocyanin-rich corn samples and red corn had highest protein 
content among these four samples.  Blue corn had highest crude fat content and the red corn were 
highest in neutral detergent fiber (NDF) content.   
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TABLE 3.1.  Identity and Composition Contenta of Four Pigmented Samples 
Color 
Sample 
Name 
Name of 
Seed 
Company 
Starch 
Content 
(%) 
Crude 
Protein 
(%) 
Crude 
Fat (%) 
NDF (%) 
Yellow P0993AM1 Pioneer 78.8 ± 0.4d 7.8 ± 0.3a 4.1 ± 0.0a 6.9 ± 0.2a 
Blue 
Jerry 
Peterson 
Blue OG 
Johnny’s 
Selected 
Seeds 
71.7 ± 0.4c 10.6 ± 0.1b 6.0 ± 0.1c 8.1 ± 0.3b 
Purple NA 
Syngenta 
Seeds 
67.8 ± 0.5b 12.3 ± 0.2c 3.7 ± 0.2a 6.5 ± 0.4a 
Red SKU:CO14 
Siskiyou 
Seeds 
65.5 ± 0.3a 12.6 ± 0.1c 4.6 ± 0.0b 11.0 ± 0.4c 
a Mean ± standard deviation.  Means followed by the same letter in a column were not different 
(P>0.05). 
 
Ethanol Profile 
During the first 8 hr fermentation in conventional process, ethanol concentrations were similar 
(Fig. 3.3 A).  At 24 hr, yellow corn ethanol concentration was higher compared with the other 
three and there were no differences among these three colored samples.  From 24 to 48 hr, 
ethanol concentrations for blue and purple corn were higher than red corn.  The final ethanol 
concentrations for yellow, blue, purple, and red corn were 17.0, 16.1, 15.8 and 14.0% (v/v), 
respectively.  The lower ethanol concentration for the red corn was due to its lower starch 
content (Table 3.1).  The highest final ethanol concentration was obtained from the yellow corn, 
which also had the highest starch content.  These differences of final ethanol concentrations 
corresponded to the differences in starch contents among the samples (Table 3.1). 
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In modified process using GSHE, similar to conventional process, ethanol concentrations were 
comparable among four corn samples at the beginning of the fermentation.  At 24 hr, the ethanol 
concentration for red corn was lower compared with the other three and there were no 
differences among yellow, purple and blue corn samples.  From 24 to 72 hr, ethanol 
concentrations of blue and purple corn were lower than that of yellow corn (Fig. 3.3 B).  Final 
ethanol concentrations of yellow, purple, red and blue corn were 19.3, 18.2, 15.2 and 17.2% 
(v/v), respectively; there were differences in final ethanol concentration among these four 
colored samples.  In modified process, the sample with the highest final ethanol concentration 
was yellow corn and the lowest one was red corn, which were consistent with the ethanol 
concentration results of the conventional dry grind process. 
 
                                  (A)                                                                               (B) 
Figure 3.3 A: Ethanol concentrations during the fermentation time in conventional dry grind process.  
B: Ethanol concentrations during the fermentation time in modified dry grind process. 
Error bars are ± one standard deviation. 
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Comparing ethanol profiles between conventional and modified dry grind processes (Figure 
3.3 A&B), final ethanol concentrations in the modified process were higher than those in 
conventional process for both yellow dent corn and anthocyanin-rich corn samples.  For yellow 
dent corn, the final ethanol concentration in the conventional dry grind process was 17.0%, while 
the final ethanol concentration in the modified dry grind process was 19.3%.  The higher ethanol 
concentration for the modified process was due to two main reasons: 
1. The usage of protease in SSF helps break down the protein matrix, which encapsulated 
starch in corn.  Protease addition helped starch release and resulted in higher ethanol 
concentrations (Wang et al 2005; Wang et al 2009). 
2. In the conventional dry grind process, a high amount of glucose was produced after 
liquefaction, before yeast fermentation.  Glycerol was produced by yeast in response to 
high glucose concentration (Nevoigt and Stahl 1997) and thus resulted in reduction of 
ethanol yield.  While in the modified dry grind process, glucose was produced slowly 
during fermentation and the glycerol production was lower than that in the conventional 
dry grind process.   
Glucose Profile 
The glucose profiles of the four corn samples varied during fermentation in conventional dry 
grind process (Fig. 3.4 A).  During SSF, however, purple and blue corn had similar glucose 
profiles and were different from yellow and red corn, especially in first 24 hr.  For red sample, 
the initial glucose concentration was 1.4% (w/v), which increased to 16.0% (w/v) at 2 hr, then 
decreased to a low level during SSF.  For the yellow, purple, and blue samples, the initial 
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concentrations were 4.4, 4.3 and 1.1% (w/v), respectively, then increased to peak values at 4 hr: 
18.7, 10.1 and 15.47 % (w/v), respectively, and decreased to less than 1.1% (w/v) after 48 hr.  
The final glucose concentrations at 72 hr for the four colored samples were lower than 0.1% 
(w/v), indicating nearly complete fermentation with negligible amount of remaining unconverted 
glucose.  These differences in glucose concentration during fermentation of colored corn samples 
indicated that during SSF, the dark colored samples maintained lower glucose concentrations 
compared with the traditional yellow dent corn. 
 
                                       A                                                                             B 
Figure 3.4 A: Glucose concentrations during the fermentation time in conventional dry grind 
process.   
B: Glucose concentrations during the fermentation time in modified dry grind process. 
Error bars are ± one standard deviation. 
In modified dry grind process, initial glucose concentration of yellow sample was higher than 
those of other three colored samples, which were all zero (Fig. 3.4 B).  For red corn, the highest 
glucose concentration was 2.2% (w/v) at 2 hr.  After 24 hr, glucose concentrations decreased to 
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negligible levels for all four colored samples.  Glucose contents in the modified dry grind 
process were lower than those in the conventional process for the four colored samples.  Final 
glucose concentrations in modified dry grind process were beyond the detection range (lower 
than 0.001%) of HPLC, indicating the complete fermentations for all four colored samples.    
In modified process, lowest glucose concentrations appeared at 24 hr for all four colored 
samples, while in conventional dry grind process, the glucose concentrations were decreasing till 
72 hr (Fig. 3.4 A&B). The highest glucose concentrations produced in conventional dry grind 
process were significantly higher than those in modified process for both yellow dent corn and 
colored corn samples. These results indicated that this enzyme used in modified process (GSHE) 
acted differently than commercial liquefaction enzyme. Wang et al (2005) also observed similar 
results of using yellow dent corn in conventional and modified process. 
 
Glycerol Profile 
During SSF, glycerol is produced by the yeast to reduce the excess of NADH2 level under 
anaerobic conditions and therefore maintain the intracellular redox balance (Nordstrom 1966).  
Glycerol levels higher than 2% (w/v) indicate osmotic or other stress on yeast (Hohmann 2002).  
In conventional dry grind process (Figure 3.5 A), yellow dent corn produced higher amount of 
glycerol than the other three colored samples.  For yellow corn, the glycerol concentration 
reached 1.4% (w/v) at 24 hr and remained constant to the end of SSF.  For purple, red and blue 
colored samples, glycerol concentrations were 1.1, 0.9 and 1.0% (w/v), respectively, at 48 hr and 
remained constant to the end of SSF.  Glycerol concentration is 1.2% (w/v) for the conventional 
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dry grind process (Russel 2003).  Use of dark colored corn resulted in lower glycerol production 
compared with the yellow dent corn indicating lower osmotic stress on yeast. 
     In modified process, glycerol concentrations of red colored corn were lower than other three 
corn samples during the fermentation time.  For red corn sample, the glycerol concentration 
reached 0.66% (w/v) at 48 hr and remained constant to the end of SSF.  For yellow, purple and 
blue corn samples, glycerol concentration reached 0.74, 0.75 and 0.78% (w/v), respectively, at 
48 hr and remained constant to the end of SSF.  Compared with the glycerol profile of the 
conventional dry grind process, the final glycerol productions were lower for all four colored 
samples in this modified dry grind process using GSHE.  The lower glycerol productions were 
due to the lower glucose concentrations during fermentation (Nevoigt and Stahl 1997).  Colored 
corn samples had lower glycerol production during yeast fermentation compared with yellow 
dent corn in the modified dry grind process. 
 
  
                                  A                                                                             B 
Figure 3.5 A: Glycerol production during the fermentation time in conventional dry grind process.   
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B: Glycerol production during the fermentation time in modified dry grind process. 
Error bars are ± one standard deviation. 
Fermentation Completion Rate 
Fermentation completion rate is defined by the percentage of ethanol concentration at 
sampling time over final ethanol concentration.  During the first 4 hr of SSF in conventional 
process, purple corn had the lowest ethanol productivity; productivities of the other corn samples 
were comparable (Table 3.2).  At 24 hour, completion rate of purple and blue corn were 
comparable (68.8 and 68.0%, respectively) and lower than the yellow dent corn (78.9%) and red 
corn (81.2%).  At 48 hr, yellow corn had the highest fermentation completion rate (98.3%), 
followed by red corn (96.8%), purple corn (93.0%) and blue corn (92.7%). 
TABLE 3.2.  Fermentation Completion Rates for Four Colored Samplesa in Conventional 
Dry Grind Process 
Fermentation 
Time (hr) 
%Fermentation Completed 
Yellow Purple Red Blue 
0 0.0 0.0 0.0 0.0 
2 2.1 1.1 1.5 1.9 
4 5.8 4.1 5.2 5.5 
24 78.9 68.8 81.2 68.0 
48 98.3 93.0 96.8 92.7 
72 100.0 100.0 100.0 100.0 
a Ratio of ethanol concentration at specific time over final ethanol concentration 
 
In modified process, red sample had highest fermentation rate at the beginning 2hr. (Table 3.3)  
At 24 hr, fermentation completion rate of yellow dent corn was the lowest; completion rates of 
purple and red corn were comparable (75.0%) and lower than the rate of blue corn (77.9%).  At 
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48 hr, fermentation rates of purple and blue corn were highest (96.5%), followed by red corn 
(92.8%) and yellow corn (91.6%). 
TABLE 3.3.  Fermentation Completion Rates for Four Colored Samplesa in Modified Dry 
Grind Process 
Fermentation 
Time (hr) 
%Fermentation Completed 
Yellow Purple Red Blue 
0 0.0 0.0 0.0 0.0 
2 1.9 1.5 3.1 1.0 
4 5.7 5.7 10.6 4.0 
24 70.4 75.4 74.6 77.9 
48 91.6 96.5 92.8 96.5 
72 100.0 100.0 100.0 100.0 
a Ratio of ethanol concentration at specific time over final ethanol concentration. 
 
 
Ethanol Yields and Ethanol Conversion Efficiencies 
Ethanol yields for yellow, purple, blue and red samples were 0.380, 0.347, 0.354 and 0.325 
L/kg (2.55, 2.33, 2.39 and 2.16 gal/bu), respectively (Table 3.4).  Theoretical ethanol yields were 
0.50, 0.43, 0.45 and 0.41 L/kg for yellow, purple, blue and red samples, respectively, which were 
calculated based on corn test weight of 56 lb/bu and total starch content of 78.8, 67.8, 71.7 and 
65.5% (db) (Table 3.1).  Ethanol conversion efficiencies were 75.1, 81.2, 78.4 and 74.3%, 
respectively for yellow, purple, blue and red samples.  The ethanol conversion efficiencies 
among yellow dent corn, red corn and blue were not statistically different.  The ethanol 
conversion efficiency of pigmented corn samples were comparable with the yellow corn, which 
were indicative that the anthocyanin-rich corn did not significantly affect the yeast ethanol 
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fermentation efficiency and could be considered as an alternative feedstock in conventional dry 
grind process.   
In modified dry grind process, ethanol yields for yellow, purple, blue and red samples were 
0.425, 0.400, 0.386 and 0.355 L/kg (2.86, 2.69, 2.60 and 2.35 gal/bu), respectively (Table 3.5).  
Ethanol conversion efficiencies were 85.6, 93.5, 83.8 and 81.1 %, respectively for yellow, 
purple, blue and red corn samples.  The conversion efficiencies were not statistically different 
between yellow, blue and red samples.  Anthocyanin in pigmented corn did not affect the ethanol 
conversion efficiency during the modified dry grind process.  In both conventional and modified 
dry grind processes, the purple corn had highest ethanol conversion efficiencies than the yellow 
dent corn.  Purple corn had higher long chain amylopectin content than yellow dent corn 
(Agama-Acevedo et al 2008) and therefore resulted in higher ethanol yield in both conventional 
and modified processes (Sharma et al 2007).  
TABLE 3.4.  Final Ethanol Concentrations, Ethanol Yields and Ethanol Conversion 
Efficiencies for Four Colored Corn Samplesa in Conventional Dry Grind Process 
 Yellow Purple Blue Red 
Final Ethanol 
Concentration 
(% v/v) 
17.0 ± 0.1a 15.8 ± 0.1b 16.1 ± 0.1b 14.0 ± 0.1c 
Ethanol Yield 
(L/Kg) 
0.380 ± 0.001a 0.347 ± 0.009b 0.354 ± 0.007b 0.325 ± 0.004c 
Ethanol Yield 
(gal/bu) 
2.55 ± 0.01a 2.33 ± 0.02b 2.39 ± 0.01b 2.16 ± 0.01c 
Conversion 
Efficiency (%) 
75.1 ± 0.2ab 81.2 ± 1.0a 78.4 ± 0.5b 74.3 ± 0.4b 
a Mean ± standard deviation of three observations.  Values followed by same letter in the same 
row are not significantly (p>0.05) different. 
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TABLE 3.5.  Final Ethanol Concentrations, Ethanol Yields, and Ethanol Conversion 
Efficiencies for Four Colored Samplesa in Modified Dry Grind Process 
 Yellow Purple Blue Red 
Final Ethanol 
Concentration 
(% v/v) 
19.3 ± 0.0a 18.2 ± 0.2b 17.24 ± 0.2c 15.2 ± 0.6d 
Ethanol Yield 
(L/Kg) 
0.425 ± 0.001a 0.400±0.005b 0.386±0.005c 0.355±0.013d 
Ethanol Yield 
(gal/bu) 
2.86 ± 0.01a 2.69 ± 0.02b 2.60 ± 0.02c 2.35 ± 0.08d 
Conversion 
Efficiency (%) 
85.6 ± 0.1b 93.5 ± 0.8a 83.8 ± 0.8b 81.1 ± 0.3b 
a Mean ± standard deviation of three observations.  Values followed by same letter in the same 
row are not significantly different (p>0.05). 
 
Comparing conventional and modified dry grind processes, final ethanol concentrations, ethanol yields 
and ethanol conversion efficiencies were higher for modified process than conventional process. These 
results are indicative that use of anthocyanin-rich corn samples in modified dry grind process will result 
in higher ethanol yields. 
 
Visible color change from corn flour to DDGS for two processes 
Color measurements were performed for the four colored corn samples and DDGS from the 
conventional and modified dry grind processes to visually evaluate the composition changes 
during process.  Compared with four colored ground corn flours, DDGS from both dry grind 
processes had higher red intensity, higher yellow intensity and lower lightness in general, which 
were further validated by higher a*-value color parameter, higher b*-value color parameter, and 
lower L-value color parameter (Table 4.1).  The higher yellow intensity reflected the higher 
percentage of fat (Lin and Zayas 1987) and higher red intensity indicated the concentrations of 
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pigments, especially anthocyanins, were intensified in DDGS samples compared to ground corn 
(Gil 1996).  The DDGS samples from both conventional and modified dry grind process had 
higher ΔE*ab value than ground corn samples for yellow and three anthocyanin-rich corn, 
respectively. There was no difference in a*-value between two processes for the three colored 
corn samples containing anthocyanin: purple, blue and red corn samples.   
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TABLE 3.6.  Color Measurement for Four Colored Samples with Initial Ground Corn Flour and DDGS from Two Dry Grind 
Processing Methods 
Color Treatment L a* b* ΔE*ab 
Yellow 
Ground Corn Flour 90.15 ± 0.30a -2.00 ± 0.11a 28.57 ± 0.49e 94.59 ± 0.58f 
Conventional Dry Grind 
DDGS 
79.51 ± 0.90b 1.19 ± 0.19b 36.27 ± 0.51f 87.40 ± 1.05e 
Modified Dry Grind 
DDGS 
77.60 ± 1.80b 1.72 ± 1.08bc 49.16 ± 1.94g 91.88 ± 2.86ef 
Purple 
Ground Corn Flour 70.34 ± 0.52c 8.04 ± 0.19e 9.21 ± 0.43c 71.39 ± 0.70d 
Conventional Dry Grind 
DDGS 
44.76 ± 3.95d 20.35 ± 0.14g 11.63 ± 0.01d 50.53 ± 3.95b 
Modified Dry Grind 
DDGS 
49.21 ± 1.24d 18.58 ± 1.67f 11.18 ± 0.25d 53.78 ± 2.09b 
Blue 
Ground Corn Flour 73.71 ± 2.05c 3.21 ± 0.10c -0.87 ± 0.17a 73.78 ± 2.06d 
Conventional Dry Grind 
DDGS 
58.65 ± 1.35e 20.66 ± 0.65g 11.43 ± 0.30d 63.22 ± 1.53c 
Modified Dry Grind 
DDGS 
56.64 ± 0.76e 24.72 ± 0.52h 7.86 ± 0.15c 62.30 ± 0.93c 
Red 
Ground Corn Flour 71.26 ± 0.96c 5.13 ± 0.19d 5.10 ± 0.11b 71.63 ± 0.98d 
Conventional Dry Grind 
DDGS 
32.62 ± 0.37f 18.04 ± 0.38f 8.71 ± 0.22c 38.28 ± 0.57a 
Modified Dry Grind 
DDGS 
31.62 ± 0.80f 19.45 ± 0.22f 5.87 ± 0.55b 37.58 ± 1.00a 
* The three different processes for each colored corn samples: Ground Corn Flour means colored corn sample after grinding step; 
Conventional Dry Grind DDGS means DDGS sample from conventional dry grind of colored corn sample; Modified Dry Grind 
DDGS means DDGS sample from modified dry grind of colored corn sample.   Means followed by the same letter in a column were 
not different (P>0.05). 
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Extractable anthocyanin content of corn flour and DDGS for two processes 
No anthocyanin was extracted from either corn or DDGS of yellow dent corn.  Red corn had 
highest anthocyanin content while blue corn had lowest anthocyanin content (Table 4.2).  The 
colored corn sample with highest anthocyanin had lowest starch content (Table 3.1; Table 4.2).  
For blue corn samples as starting materials, anthocyanin content of DDGS from conventional dry 
grind process was 89.9 ± 9.2 µg C3G/g, while anthocyanin content of DDGS from modified 
process were 2.39 times (214.7 ± 9.3 µg C3G/g) conventional process.  Similar differences were 
observed for both purple and red samples: anthocyanin content of DDGS from conventional 
process were 274.4 ± 24.2 µg C3G/g for purple corn and 379.0 ± 23.5 µg C3G/g for red corn 
while those from modified process are 387.9 ± 28.0 µg C3G/g (1.41 times) for purple corn and 
720. 4 ± 18.4 µg C3G/g (1.91 times) for red corn.  Conventional dry grind process resulted in 
more anthocyanin loss than modified dry grind process using GSHE.  The reason was due to the 
high temperature liquefaction in conventional process, which caused the anthocyanin 
degradation (Patras et al 2011; Ioannou et al 2011).   
 
TABLE 3.7.  Extractable Anthocyanin Content of Ground Corn Flour and DDGS from 
Two Dry Grind Processing Methodsa 
Color 
Anthocyanin Concentration 
Corn 
(µg C3G/g corn) 
DDGS from Conventional Process 
(µg C3G/g DDGS) 
DDGS from Modified Process 
(µg C3G/g DDGS) 
Blue 269.4 ± 15.9a 89.9 ± 9.2a 214.7 ± 9.3a 
Purple 495.1 ± 23.9b 274.4 ± 24.2b 387.9 ± 28.0b 
Red 1153.0 ± 24.2c 379.0 ± 23.5b 720.4 ± 18.4c 
a Mean ± standard deviation of three observations.  Means followed by the same letter in a 
column were not different (P>0.05). 
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3.4 Conclusions 
   In 2014, 5.2 billion bu of corn were used in corn ethanol plants in US.  Production of DDGS was 
estimated at 40.3 million metric tons in 2014/2015 (AgMRC 2015).  DDGS is a potential source of 
naturally occcuring compounds in corn and has been studied to remove valuable nutrients like 
protein and oil.  We evaluated the performance of three different anthocyanin rich corn samples 
(blue, purple and red corn) in conventional and modified (using GSHE) dry grind process and 
compared with the yellow dent corn.  Anthocyanin rich corn samples were 5 to 10 percentage lower 
in starch content compared with yellow dent corn.  In both conventional and modified dry grind 
processes, colored corn had lower ethanol yield and produced less glycerol than yellow dent corn, 
which indicated that anthocyanin content in colored corn did not increase the osmotic stress on yeast 
growth and anaerobic fermentation.  In conventional process, conversion efficiencies for yellow, red 
and blue corn were in the range of 74 to 78%, which were not different.  Similar results were 
observed in modified dry grind process using GSHE: the conversion efficiencies for yellow, red and 
blue corn were from 81 to 86%.  The colored corn samples are feasible alternate feedstocks for both 
conventional and modified dry grind process. For anthocyanin rich corn samples, the modified dry 
grind process using GSHE had higher conversion efficiency and ethanol yield compared with the 
conventional dry grind process. 
DDGS from two dry grind processes (conventional and modified) were visually different with 
ground corn powder in color appearance.  DDGS had higher red intensity, higher yellow intensity 
and lower lightness than corn flour.  Extractable anthocyanin content was decreased from corn flour 
to DDGS, which was due to the pH change in the fermentation and the thermal process in 
liquefaction, distillation and drying in dry grind process.  Modified dry grind process using GSHE 
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preserved more anthocyanin (1.9 to 2.4 times) in DDGS than conventional dry grind process because 
of the reduced temperature in liquefaction step. 
 
 
. 
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Chapter 4 
Recommendations for Future Work 
      Anthocyanin content did not result in a negative effect on fermentation efficiency.  
Anthocyanin content decreased during dry grind process.  The high temperature and pH may 
have resulted in anthocyanin degradation.  To increase the potential of colored corn as a 
feedstock for dry grind ethanol plant, more studies are located to: 
1. Each step of dry grind process may cause the decrease on anthocyanin content.  
Anthocyanin lost in grinding, cooking, liquefaction and fermentation needs to be 
quantified. 
2. The modification of conventional dry grind process to reduce the anthocyanin loss. 
3. A study on economic feasibility of using colored corn as starting material for dry grind 
ethanol plant. 
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